Introduction
The first feasibility studies of three-dimensional (3-D) geometry gel electrophoresis were independently conducted and published by two groups in 2003 (1,2). Common to both described concepts is that the separation medium extends substantially in all three spatial coordinates. The samples are applied in a two-dimensional (2-D) loading plane on top of the 3-D gel body. The electrophoretic separation occurs along the third spatial coordinate, perpendicular to the loading plane.
The team of Bao-Shiang Lee proposed a 3-D gel cube to improve the molecular mass resolution of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) protein analysis (1) .
The other feasibility study, published concurrently by the authors of this article, solved the problem of irregular sample migration (smiling) and gel-to-gel variations by a specific heat conduction concept (2) . A thermal insulation encircling the 3-D gel ( Figure 1 ) blocks heat transfer in the radial direction, while the top and bottom of the gel are cooled by circulating the buffer through a thermostat. This forces the heat flow parallel to the gel's vertical axis and avoids temperature gradients perpendicular to the sample migration direction. In addition, our first 3-D gel instrument provided a system for online detection of the samples by laser-induced fluorescence (LIF). The fluorescently labeled sample fractions are recorded by a photodetector while passing a laser-illuminated area during electrophoresis, similar to the operation of automated DNA sequencers (3). We proposed and tested several applications, such as DNA sequencing, DNA fragment analysis, and SDS-PAGE protein analysis. This early study demonstrated that 3-D gel electrophoresis could be used for analysis of biomolecules with one, two, or three independent separation parameters.
Examples for one-parameter high-throughput separation are the quality validation of purified proteins prior to crystallization (4) and the analysis of high-performance liquid Two-dimensional gel electrophoresis (2-DE) separation has not been considered suitable for large-scale comparative protein expression studies due to its limited throughput. We present a high-throughput analysis method based on three-dimensional (3-D) geometry gel electrophoresis. Following conventional isoelectric focusing (IEF), up to 36 immobilized pH gradient (IPG) strips are arrayed on the top surface of a 3-D gel body, and the samples transferred electrokinetically to the gel. A specific thermal management ensures that sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) occurs under identical electrophoretic and thermal conditions, avoiding gel-to-gel variations and thereby providing immediate comparability of the separation patterns. Proteins are Cy™3-labeled for online detection of laser-induced fluorescence (LIF). Images are acquired by a digital camera and recorded as a 3-D image stack during electrophoresis. Image processing software decomposes the 3-D image stack into vertical sections representing conventional 2-DE slab gels, making results immediately accessible without further gel processing. The large number of simultaneously analyzed samples (n = 36) allows treating the sample index as a quasi-continuous experimental parameter (e.g., concentration, time, dose). The method offers a wide range of applications in molecular discovery, clinical diagnosis, pharmacology, and toxicology, like protein monitoring during disease development and screening of drug candidates for their effect on protein expression. An example for two-parameter comparative separation is the analysis of protein aggregates by blue native electrophoresis (BNE), followed by SDS-PAGE in the 3-D gel (5). The method is particularly suited for the monitoring of aggregate formation (e.g., in clinical samples) or screening of drug candidates for their effects on protein aggregation, for instance during amyloid-related neurodegenerative disease development. Furthermore, changes in functional protein complex formation are important prognostic characteristics for changes in cellular signaling processes and disease states.
Although not implemented so far, a genuine three-parameter separation is technologically feasible. An example would be the analysis of protein aggregates or complexes by BNE, followed by isoelectric focusing (IEF) in a slab gel, and SDS-PAGE in the 3-D gel for separation and identification of the aggregates' components.
Among the possible applications of the 3-D gel, we consider comparative IEF/SDS-PAGE protein analysis to constitute the most promising. Conventional 2-D gel electrophoresis (2-DE) analysis is a strenuous and time-consuming procedure, precluding the comparative examination of several tens or hundreds of samples. Moreover, the gel-togel variations pertinent to standard 2-DE require elaborate software corrections of the images and the running of a large number of gels to obtain reliable results in comparative studies. Our 3-D gel electrophoresis method inherently supports automated high-throughput 2-DE protein analysis with immediate comparability of the separation patterns. Together with the online detection, this makes the overall analysis considerably more efficient. We foresee many possible applications in molecular discovery, clinical diagnosis, pharmacology, and toxicology, such as large-scale differential protein analysis, protein monitoring during disease development, as well as screening of drug candidates and chemical compounds for their effect on protein expression and macromolecular assemblies. 
3-D Gel Electrophoresis Instrument

Tech Insight
11-cm-long immobilized pH gradient (IPG) strips that are arrayed in a slotted plastic grid (see Figure 2B ). For fluorescence excitation, an argon laser beam (50 mW at 488 nm; JDS Uniphase, San Jose, CA, USA) enters the gel chamber through a window. The beam is shaped by a specifically designed optical system to achieve even illumination of the LIF detection plane. While the sample fractions migrate through this plane, their fluorescent labels are detected by a D50 SLR digital camera (Nikon, Tokyo, Japan). An optical long-pass filter (Type OG515
Casting of the 3-D Gel
Tris-Borate (TB; 0.1 M), pH 8.8, 0.1% SDS is used as electrode and gel buffer. Separation gels in the concentration range of 6%-9% are prepared with a 30% 37.5:1 acrylamide/bis stock solution (Bio-Rad Laboratories, Hercules, CA, USA) to final volumes of up to 700 mL, resulting in a gel thickness of up to 7 cm. For casting, the gel cassette is removed from the instrument and sealed with a plate on the bottom. The gel solution is covered with a floating plate to prevent the access of ambient air during polymerization, as described previously (4).
Sample Preparation and Fluorescent Labeling
For optimum resolution and dynamic range, protein samples are labeled with Cy™3 (GE Healthcare, Uppsala, Sweden) before IEF, following protocols intended for differential gel electrophoresis (DIGE) found in References 6 and 7. IEF is carried out conventionally for a series of up to 36 samples, indexed 1-36, in 11-cm-long IPG strips (Figure 2A ) as described previously (8, 9) . In our tests, we use Escherichia coli lysates (Bio-Rad Laboratories) as proteomic input samples. For real applications, protein samples would be obtained from cells as a time-, dose-, or concentration-series (i.e., extracted at different time points or after increasing the dosage or concentration of their treatment, such that the sample index n, running from 1-36, represents the respective parameter of the assay).
Electrokinetic Loading and 3-D Gel Electrophoresis
Following IEF, a series of up to 36 IPG strips are inserted in parallel slots of a plastic grid with 2 mm separation distance ( Figure 2B ). The grid is positioned on top of the 3-D gel such that the edges of the IPG strips touch the gel surface. A stainless steel plate placed on top of the grid serves as cathode. The electrical contact to the IPG strips is provided by buffer-soaked paper between the plate and the grid. For electrokinetic sample transfer to the 3-D gel, a current of 5-10 mA per strip (approximately 100 V) is applied. After 45 min, the grid and strips are removed, the remaining volume of the chamber is filled with buffer, and electrophoresis is started. SDS-PAGE is performed in the 3-D gel with voltage and current set at 300 V and 1.3 A, respectively, resulting in a field strength of 10 V/cm and a power of approximately 400 W. To prevent the maximum temperature in the center plane of the gel from exceeding 40°C, the anode and cathode sides of the gel are cooled to 10°C by circulating the electrode buffer through a cooling waterbath as described before (2). The difference in molecular mass (MM) resolution is caused by the separation distance in the three-dimensional (3-D) gel being equal for all compounds (high and low MM) due to the online detection, while the separation distance in conventional slab gels varies with the MM of the compounds. IPG, immobilized pH gradient; LOD, limit of detection; DIGE, differential gel electrophoresis.
Tech Insight
Image Processing and Data Evaluation
For processing of the 3-D image stack and data evaluation, we use ImageJ software from the National Institutes of Health (NIH;rsb.info.nih.gov/ij), as described in our previous work (4). To visualize the separation patterns ( Figure  2C ), vertical sections representing a series of 36 conventional 2-DE slab gels are generated out of the 3-D image stack using the plugin TransformJ (www.imagescience. org/meijering/software/transformj). A specifically written macro-command is used to convert sample migration time, measured by the online detection, to migration distance as typically displayed by conventional 2-DE. This allows for convenient comparison of the generated separation patterns with standard 2-DE gel scans using commercially available software (e.g., ImageMaster & DeCyder; GE Healthcare).
Applications of 3-D Gel Electrophoresis
Any application involving high-throughput comparative 2-DE protein analysis can optimally benefit from the advantages of the presented 3-D gel electrophoresis technique.
The main features and advantages of 3-D gel electrophoresis as compared to standard 2-DE slab gels are compiled in Table 1 . A single 3-D gel separates the equivalent of 36 conventional 2-DE slab gels under identical electrophoretic and thermal conditions, avoiding gel-to-gel variations, and thereby permitting a direct comparison of the separation patterns. The immediate comparability of the large number of samples introduces the sample index n as a quasi-continuous, third parameter to the analysis ( Figure 2C ), which can be chosen according to the specific application (e.g., time, concentration, dose). Up to 36 protein samples are extracted from the cells as a series with increments in time, treatment dosage, or concentration, with the sample index n denoting that parameter. The 3-D gel electrophoresis method quantitatively measures and displays the protein expression level as a function of the parameter.
The 3-D gel instrument currently does not allow collection of the sample fragments for their subsequent identification by mass spectroscopy. Therefore, we propose its use for comparative expression studies of specific sets of previously identified proteins. Alternatively, the protein expression can be quantitated in the first step of the analysis. A number of proteins of interest (i.e., those showing significant over-or underexpression) can then later be retrieved for mass spectroscopy identification after conventional slab gel 2-DE.
With the 3-D gel instrument in its last phase of development and testing, we are investigating and initiating applications in various fields and disciplines. For the analysis of protein expression as a function of time, we propose applications in developmental and cell biology, like expression studies during (embryonal) development. For instance, the appearance of differentiation-specific marker proteins is highly diagnostic for tissue/cell differentiation-for example in stem cell research-and dedifferentiation (e.g., during cancer). In the field of biotechnology, the investigation of bacterial metabolic activity during growth (e.g., for bioreactor condition optimization or under stress influences) is highly relevant for efficient process engineering (10) . In the fields of healthcare and pathology, protein expression variation during the progression of diseases can be monitored for diagnostic purposes.
For the analysis of protein expression as a function of concentration or dose, we propose applications in pharmacology and molecular toxicology, like the screening of drug candidates for their effect on protein expression, dose-response assessments, drug absorption, distribution, metabolism, toxicity (ADMETox), and drug interaction studies. With the new European Union directive for the registration, evaluation, and authorization of chemicals (ecb.jrc. it/REACH), a thorough investigation of chemicals for their potentially hazardous effects on organisms will become mandatory for their producers. Here, the 3-D gel method could be used for studying changes in protein expression in response to those chemicals. Also the proteome signatures of organisms exposed to environmental challenges (toxicological fingerprint) could be established very efficiently with the help of the 3-D gel method (11).
In the near future, we plan to further increase the resolution, sensitivity, and dynamic range of the 3-D gel instrument. This work will entail an optimization of the optical and photodetection system to attain maximum fluorescence light gathering capability. In the course of this improvement, we intend to add more lasers and matching optical filters for simultaneous excitation and detection of fluorescence at different wavelengths. This will enable the 3-D gel instrument to multiplex assays by detecting differently labeled samples co-migrating in the same vertical gel sections and will increase its throughput accordingly. Moreover, the multidye detection capability will give the 3-D gel instrument full compatibility with the DIGE method (6,7). Protein extracts, for example control and treated, can be labeled with different fluorescent dyes (i.e., Cy2, Cy3, Cy5), then combined and co-separated by IEF, followed by SDS-PAGE in the 3-D gel. Alternatively, individual samples can be combined with molecular mass and quantity reference markers for an exact calibration of the separation patterns. In combination with its high-throughput, this will make the 3-D gel instrument a valuable tool for large-scale, high-precision differential protein analysis.
